Aging and Alzheimer's disease (AD) are associated with declines in the visual perception of self-movement that undermine navigation and independent living. We studied 214 subjects' heading direction and speed discrimination using the radial patterns of visual motion in optic flow. Young (YA), middleaged (MA), and older normal (ON) subjects, and AD patients viewed optic flow in which we manipulated the motion coherence, spatial texture, and temporal periodicity composition of the visual display. Aging and AD were associated with poorer heading and speed perception at lower temporal periodicity, with smaller effects of spatial texture. AD patients were particularly impaired by motion incoherence created by adding randomly moving dots to the optic flow. We conclude that visual motion processing is impaired by distinct mechanisms in aging and the transition to AD, implying distinct neural mechanisms of impairment.
Introduction
Aging and AD impair the perception of the radial patterns of visual motion in optic flow (Tetewsky & Duffy, 1999) that inform us about the direction and speed of our movement through the environment (Gibson, 1957) . Impaired optic flow perception is associated with declines in navigational performance as tested in both real world (Monacelli, Cushman, Kavcic, & Duffy, 2003) and virtual reality (Cushman, Stein, & Duffy, 2008) environments.
Optic flow perception is linked to dorsal posterior cortical visual processing by the selective activation of this region seen in human imaging studies, although it is unclear exactly which areas play the most critical roles (Dukelow et al., 2001; Greenlee, 2000; Peuskens, Sunaert, Dupont, Van Hecke, & Orban, 2001) . Visual motion evoked potentials elicited by optic flow show a similar distribution of activation that is diminished in early AD patients with visuospatial impairments (Kavcic, Fernandez, Logan, & Duffy, 2006) . A specific link to the navigational impairments of early AD has been established by evidence of focal atrophy in right posterior superior temporal cortex (deIpolyi, Rankin, Mucke, Miller, & Gorno-Tempini, 2007) .
The dorsal posterior cortical localization of optic flow analysis is consistent with the presence of optic flow selective neurons in homologous monkey dorsal posterior parietal areas (Duffy & Wurtz, 1991a; Tanaka, Fukada, & Saito, 1989) . Single neurons in this region integrate motion cues across wide spatial segments of the visual field (Duffy & Wurtz, 1991b) and prolonged temporal periods of stimulation (Duffy & Wurtz, 1997) . These response properties support visual heading direction selectivity (Duffy & Wurtz, 1995; Lappe, 1996) that is combined with vestibular signals to create a comprehensive cortical representation of self-movement (Duffy, 1998; Gu, DeAngelis, & Angelaki, 2007) . Neurons in this dorsal extrastriate pathway for visual motion processing may be vulnerable to age-related declines in direction and speed selectivity (Liang, Yang, Li, et al., 2010; Yang, Zhang, Liang, et al., 2010) in a manner consistent with the loss of intra-cortical inhibitory control mechanisms (Schmolesky, Wang, Pu, & Leventhal, 2000) . Such changes may underlie perceptual changes in human aging in which motion perception (Betts, Taylor, Sekuler, & Bennett, 2005) and orientation discrimination (Betts, Sekuler, & Bennett, 2007) may depend on high contrast, being impaired under low contrast (Karas & McKendrick, 2009) , promoting debate over the role in intra-cortical inhibitory mechanisms serving center-surround interactions.
In young people, the visual motion processing of naturalistically large stimuli is supported by spatial and temporal cue integration that influence direction (Fredericksen, Verstraten, & van, 1994; Graham & Robson, 1987) and speed discrimination (Andersen & Saidpour, 2002) . Declines in motion coherence, created by the addition of random motion, impairs the processing of such stimuli (Zanker & Hupgens, 1994) . Aging has been associated with increases in optic flow heading thresholds, thought to be attributable to declines in central visual processing (Atchley & Andersen, 1998 Warren, Blackwell, & Morris, 1989) . However, comparison to other forms of visual motion processing have shown that optic flow perception is relatively resistant to the detrimental effects 0042-6989/$ -see front matter Ó 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2010.12.004 of both brain aging (Billino, Bremmer, & Gegenfurtner, 2008) and focal cortical lesions (Billino, Braun, Bohm, Bremmer, & Gegenfurtner, 2009) . In previous studies of both aging and AD, we have found evidence of impaired spatial (O'Brien et al., 2001) and temporal visual cue integration as well as sensitivity to motion incoherence (Tetewsky & Duffy, 1999) .
All of our previous work focused on the effects of aging and AD on optic flow motion coherence thresholds. However, we had not made direct comparisons of our conventional motion coherence approach to alternative approaches. We considered this to be a necessary step to directly test, in a single group of human subjects, whether the effects of motion coherence are simply part of a broader, generalized decline in perceptual processing in aging and AD.
The inherently spatial and temporal integrative nature of optic flow analysis, lead us to hypothesize that declines in spatio-temporal integration may be the best candidate for contributing to impaired optic flow perception in aging and AD. In particular, changes in the spatio-temporal composition of stimuli might have the same effect as adding motion incoherence, suggesting a nonspecific decline in visual sensitivity in aging and AD. We have now compared the effects of spatio-temporal composition and motion incoherence finding that spatio-temporal composition effects are mainly related to aging, whereas motion incoherence distinguishes aging and AD.
Methods

Subject groups
Forty-five normal young (YN), 25 middle-age (MA), 115 normal older adult (ON) control subjects and 29 early Alzheimer's disease (AD, MMSE: mn = 26., se = .55) patients participated in the study. AD patients were mildly impaired according to the Mini-Mental State Exam (Folstein, Folstein, & McHugh, 1975) . All of these patients met NINCDS-ADRDA criteria for probable AD (McKhann et al., 1984) operationalized as functionally significant anterograde memory impairment, reported by patient or caregiver report and confirmed by results on memory tests. Additional impairments included either aphasia, agnosia, apraxia, inattention, visuospatial disorientation, or executive incapacity. Neuro-imaging studies and laboratory tests were employed to support the diagnosis, and reject alternative diagnoses, as indicated by the circumstances of each patient's presentation. We excluded participants with ophthalmological or other neuropsychiatric disorders.
AD patients were recruited from the clinical programs of the University of Rochester Medical Center after being diagnosed by a neurologist or psychiatrist specializing in dementia care, chiefly the senior author. ON subjects were recruited from programs for the healthy elderly or were the spouses of AD subjects, while MA and YN subjects were recruited form University of Rochester employees or students. All of these subjects function without assistance or evidence of neurologic or psychiatric disease. Informed consent was obtained from all subjects before their enrollment. All procedures were approved by the Research Subjects Review Board at the University of Rochester Medical Center. Most of the ON subjects, and all AD patients, are participating in ongoing psychophysical and neurophysiological studies in our laboratory and in the laboratories of our colleagues at the University of Rochester.
Behavioral testing
Neuropsychologic tests
To characterize the AD and aging effects, we administered a battery of neuropsychologic tests to all subjects. That battery included: (1) The Wechsler Memory Scale -Revised (WMS-R) (Wechsler, 1987) Verbal Paired Associates Test I to evaluate immediate and delayed recall for word pairs; (2) Categorical Name Retrieval of animal names to test verbal fluency; (3) The Money Road Map test (Money, 1976) to evaluate topographic orientation on a route map with subjects using a pencil to trace the route while identifying left and right turns; (4) The WMS-R Figural Memory test to evaluate immediate visual recognition; (5) The Judgment of Line Orientation test to evaluate the visual processing of simple spatial relations (Benton, Hamsher, Varney, & Spreen, 1983) ; (6) The Facial Recognition test was used to evaluate the visual processing of complex figures (Benton et al., 1983) . At the initial clinical evaluation, the Mini-Mental State Examination (MMSE) (Folstein et al., 1975) was used to support the diagnosis of AD. Group comparisons confirmed the presence of broad-based impairments in AD patients (Table 1 ). The relatively high MMSE scores of our AD patients attest to their being mildly impaired and the fact that we find that subjects with higher pre-morbid achievement levels tend to be more consistent participants in all of the research studies at our laboratory.
Basic visual assessment
Visual acuity for all subjects was evaluated by Snellen tables to confirm monocular acuity of at least 20/40 without significant group differences. Contrast sensitivity was evaluated at five spatial frequencies from 0.5 to 18 cycles/°(VisTech Consultants, Dayton, OH, USA). These tests demonstrated that the subjects groups were not significantly different in this respect. 60 Hz frame rate. Where the spatial composition of the stimuli was manipulated by clustering dots, the resulting sizes were multiple of the single pixel size. Individual dots within radial optic flow patterns accelerated in proportion to their distance from the focus of expansion with dot movement speed averaging 30°/s. At the creation of each moving element, single dots or clusters, that element was randomly assigned a lifetime ranging from 1 to 60 frames; that is, from .0166 s to 1 s. At lifetime expiration, or when an element moved out of the viewing area, it was pseudorandomly replaced within areas of that stimulus that had the lowest element density in the upcoming frame to best maintain uniform dot density across the stimulus area. All stimuli had the same, constant and homogenous dot density, luminance, contrast, and average dot speed throughout the stimulus presentation period.
Psychophysical testing paradigms
Psychophysical testing was conducted with subjects seated in a light-tight enclosure while engaged in left/right two-alternative forced-choice button press testing. All trials began with an audible tone that prompted the subject to establish centered fixation on the target cross (.5°Â .5°). Eye position was monitored by infrared oculometry (ASL, Boston, MA, USA) and was used to abort trials in which gaze went beyond the central 10°. All subjects maintained stable fixation during testing with few aborted trials. During central fixation, a visual motion stimulus was presented for 1 s and was followed an audible tone prompting the subject's left or right button press. Subjects were asked to make their best guess if unsure.
Three types of psychophysical tasks were administered to determine motion coherence thresholds, heading discrimination thresholds, and speed discrimination thresholds. All psychophysical thresholds were obtained using parameter estimation by sequential testing (PEST) technique (Pentland, 1980; Harvey, 1997 ) using a logistic model for the psychometric function was used to estimate the 80% threshold. This selects stimulus values that are near the current estimate of the threshold level and could be characterized as a PEST procedure with fixed stimuli. After the data was collected, a post-analysis verified the best psychometric fit to the data and produced the final threshold and slope for each condition. Usually the heading and speed sessions were done on separate days for the AD and ON subjects. Many MA and YN subjects were able to do both sessions within one day.
Three visual motion testing paradigms
Motion coherence heading discrimination testing
We determined left/right motion coherence thresholds for three types of visual motion stimuli: left/right horizontal motion coherence, left/right focus of expansion (FOE) outward radial motion coherence, and left/right outward FOE or inward focus of contraction radial motion coherence (Fig. 1A) . In all three cases, we used a dual testing paradigm in which we initially conduct 20 trials with the preliminary threshold estimate set at a seed value that is based-on pilot data from that subject group (80% coherence for AD subjects and 50% coherence for older adults). Thereafter, each subject's preliminary threshold is used to seed a second round of 50 trials to obtain a final threshold estimate. These perceptual thresholds reflect the percentage of dots in coherent motion in stimuli ((coherently moving dots/(coherently moving dots + random dots)) Â 100). The percentage of coherently and randomly moving dots varied between trials for the determination of motion coherence thresholds. In each stimulus frame, all dots had an equal probability of being assigned to random or pattern motion. Dots assigned to random motion were then randomly re-positioned in the display area whereas the pattern dots underwent algorithmic re-positioning to form the motion coherent stimulus.
Horizontal motion stimuli consisted of a full-screen display consisting of leftward or rightward moving dots moving at 30°/s, variably intermixed with random dot motion. Radial motion stimuli consisted of dots moving in a radial pattern out from or into a center of motion on the horizontal meridian, 15°to the left or right of center, variably intermixed with random dot motion. The horizontal and radial coherent motion patterns were intermixed with random dot motion, variably intermixed with random dot motion.
Spatio-temporal composition heading discrimination testing
In heading discrimination testing for the effects of spatio-temporal stimulus composition, the FOE in 100% motion coherence outward radial optic flow stimuli was displaced varying distances along the horizontal meridian, maintaining the mean speed of 30°/s across all stimuli. FOE displacement was randomly directed to either the left or right side of the screen center. Such stimuli simulate the self-movement scene while the observer moves in various straight line heading directions to the left or right of centered gaze.
The PEST algorithm randomly presented the FOE on the left or right side, varying the eccentricity of the FOE to determine the 80% correct left/right heading discrimination threshold. Subjects responded by pressing the button on the side corresponding to the side on which they perceived the location of the FOE. Thresholds were determined at each of nine spatio-temporal stimulus compositions in a fully randomized sequence of stimulus conditions (see next Section 2.5). There were 54 trials for each spatiotemporal stimulus condition, with the first eight trials presenting the largest heading differences to accommodate subjects to the stimuli in the task and determine initial threshold estimates.
The left or right eccentricity of the focus of expansion (FOE) was determined on a logarithmic scale; that is, log(h), where h is the deviation in degrees from the central axis. The log scale for heading discrimination was sampled at twelve points which covered a broad range of FOE eccentricities with a minimum eccentricity of 0.135°and the maximum eccentricity of 32°, where the central angle of 0°was from the observer to the screen center.
In all stimuli presented in this task, moving dots were excluded from 5°wide band along the vertical meridian, extending from the bottom to the top of the display area. This motion exclusion band was imposed to promote stable fixation on the centered fixation point and to discourage the use of vertical motion above and below the FOE in making peri-central heading estimates. 
Spatio-temporal composition speed discrimination testing
In speed discrimination testing for the effects of spatio-temporal stimulus composition, a 100% coherence outward radial motion stimulus, with its FOE at the center of the screen, was manipulated to symmetrically decrease the speed of motion on one side of the stimulus while increasing the speed of motion on the other side. Symmetric speed changes were randomly selected to increase the speed on the left or right side, while decreasing speed on the other side, maintaining the mean speed of 30°/s across all stimuli. Such stimuli simulate the self-movement scene which can occur during turning paths of the observer's self-movement heading direction with fixed head and gaze position.
The PEST algorithm randomly varied the speed difference between the sides to determine the subject's left/right speed discrimination threshold. Subjects responded by pressing the button corresponding to the side on which they perceived the faster motion. Speed discrimination thresholds were determined at each of nine spatio-temporal stimulus compositions in a fully randomized sequence of stimulus conditions (see next Section 2.5). There were 54 trials for each spatio-temporal stimulus condition, with the first eight trials presented the largest speed differences to accommodate subjects to the stimuli and determine initial threshold estimates.
The left /right speed ratio was determined on a logarithmic scale; that is, log(Ds) where Ds is in pixels shift per second along the z-axis such that one side would have a speed of s 0 + (Ds)/2 and the other s 0 À (Ds)/2. The log scale for speed discrimination was sampled at twelve points which covered a broad range of speed differences with a minimum speed difference of 30 pixels shift per second (2.1°/s) and the maximum difference of 300 (8.6°/s), where the central speed was 420 pixels shift per second (30°/s).
In all stimuli presented in this task, moving dots were excluded from a 5°wide band along the vertical meridian, extending from the bottom to the top of the display area. This motion exclusion band was imposed to promote stable fixation on the centered fixation point and to discourage the use of kinetic edge effects in making relative speed estimates.
Spatio-temporal stimulus composition
We used random dot stimuli to probe the effects of spatio-temporal decomposition so that they might be comparable to the motion coherence stimuli we have used in studies of aging and AD (Mapstone & Duffy, 2010) , and the human (Kavcic et al., 2006) and monkey (Yu, Page, Gaborski, & Duffy, 2010) neurophysiological studies that we have used to probe the neural mechanisms of optic flow analysis. We used three levels of spatial stimulus composition and three levels of temporal stimulus composition to create a 3 Â 3 array of nine spatio-temporal stimulus conditions. ( Supplementary  Fig. 1 ). In all frames, of all conditions, the total number of illuminated pixels was the same and the total display area was the same, so that the pixel density was the same.
Spatial composition
Spatial composition of the stimuli was manipulated by varying the size of the white dots in optic flow display. We used three element sizes: 1 pixel (.1 Â .1°), 9 pixels (.3 Â .3°) and 20 pixels (.5 Â .5°). The three sizes of elements yielded three different spatial frequencies: 2D Fourier analysis of the stimulus images showed that the high spatial texture stimuli (1 pixel) contain spatial frequencies concentrated at 5-7.5 cycles/°, the medium spatial texture (9 pixels) at 2.1-3.1 cycles/°, and the low spatial texture (21 pixels) at 1.4-2 cycles/°. The number of elements was varied in inverse proportion to the number of pixels composing each element, to maintain a constant number of 1197 illuminated pixels per frame to fix overall illumination across all frames. Thus, the number of stimulus elements varies across the three levels of spatial texture: at the highest spatial texture with single pixel elements, there are 1197 elements per frame; at the intermediate spatial texture of nine pixel elements, there are 133 elements per frame; at the lowest spatial texture of 21 pixels elements, there are 57 elements per frame. Elements were placed randomly and moved in the radial expanded pattern dictated by self-movement simulation in heading and speed tasks. Elements that left the display area were replaced randomly by elements in the background region so that a consistent element density across the screen was maintained.
Temporal composition
Changes in temporal periodicity were created by repeating frames, i.e., varying the dwell time of the elements pattern across display frames. In the highest temporal periodicity the optic flow was presented at normal speed as allowed by video frame rate of 60 Hz, i.e., the elements were radially expanding in the predetermined hop distance in each frame, dwell time 16.7 ms, temporal periodicity 60 Hz. At intermediate and lowest temporal periodicity there were repeating display images in multiple video frames, e.g., increased dwell time: for intermediate temporal periodicity the , and EAD (black filled bars) subjects (abscissa). These data yielded significant group Â threshold interactions attributable to increased radial thresholds in the ON and AD groups.
same display was ''frozen'' in three frames, dwell time 50 ms, temporal periodicity 15 Hz, and in the lowest temporal periodicity the display was ''frozen'' seven times, dwell time 117 ms, temporal periodicity 7.5. Subjectively, the medium temporal periodicity appeared choppy, and the low temporal periodicity appeared overtly discontinuous. Nevertheless, most everyone saw the radial pattern in every stimulus, although they expressed uncertainty about difficult heading and speed discriminations.
Statistical data analysis
Statistical analyses were conducting using commercial software SPSS (SPSS, 2000) . Differences between the YN, MA, ON, and AD groups were evaluated by analysis of variance (ANOVAs) tests separately for each neuropsychologic and psychophysical tests. Each neuropsychologic test score was entered in one-way ANOVA with Group (YN, MA, ON, AD) as a between subjects factor. For psychophysical tests, the heading and speed thresholds were entered in mixed measures ANOVA designs with Group (YN, ON, AD) as a between subjects factor, and levels of each condition as a within subjects factors. Greenhouse-Geisser adjustment for the degrees of freedom was used for the recording site factor due to the inherent violations of the repeated measures assumptions of sphericity. Where appropriate, post-hoc analyses were conducted using Tukey's Honestly Significant Differences (THSD) tests and a familywise Type I error rate of .05.
We also analyzed the subject group differences by contrasting their score distributions. For graphical presentations we used cumulative quantile plots whereas we tested the differences between these distributions with non-parametric Kolmogorov-Smirnov test (p < .05).
We generated quadratic surface fits to the threshold data for each task and subject group to characterize task and group specific effects of the spatio-temporal composition of the optic flow stimuli. The fit equation is:
where k is a constant reflecting the overall surface level across spatio-temporal frequencies, b SF is the regression co-efficient for spatial texture, which is multiplied by the stimulus spatial texture (coded À1 , and b SFÃTF is the regression co-efficient for a spatio-temporal multiplicative factor, which is multiplied by that spatio-temporal multiplicative factor (coded as the product of the SF and TF terms). Discriminant function analysis was used to evaluate our ability to classify subjects' group membership based-on neuropsychologic measures. Psychophysical measures were combined with neuropsychologic, and basic visual performance measures in stepwise multiple linear regression analysis using the F probability of .05 for entry and of .10 for rejection with a constant included in the regression model. This analysis selected measures that were significant predictors of visual perceptual capacities. The multiple linear regression provided b weights that serve as quantitative assessments of the relative contribution of independent factors to a composite measure.
Results
We conducted neuropsychologic and psychophysical studies of 214 subjects (Table 1 ). All subjects showed neuropsychologic test scores consistent with group membership. The ON and AD subjects were of similar ages and differed by all other measures except the Money Road Map test. MA, ON, and AD subjects were well differentiated by tests of figural and verbal memory and verbal fluency.
Motion coherence threshold determination
Psychophysically determined motion coherence thresholds were obtained for left vs. rightward horizontal planar motion, left vs. right side foci-of-expansion (FOE) for outward radial motion, and interleaved left vs. right side inward and outward radial motion (Fig. 1A) . These tests showed significant group differences (two-way ANOVA F 1.55,283 = 46.36, p < .001), as well as differences between the tests (F 3,183 = 55.58, p < .001) and interaction effects (F 4.64,283 = 8.42, p < .001) (Fig. 1B) . These effects are greatly driven by the AD group being significantly different from all others on all tests (THSD, p < .01). The mixed in-out radial motion stimuli also showed a significant difference between the ON and the younger groups. Thus, our motion coherence psychophysical measures demonstrate both aging and AD effects.
Spatio-temporal integration in heading discrimination
We assessed the effects of the spatio-temporal composition of motion stimuli on our subjects' ability to see the direction of self-movement simulated by outward radial optic flow. Optic flow stimuli were presented in which the heading direction was displaced by varying degrees to determine two-alternative forced choice left/right heading discrimination thresholds ( Fig. 2A) . The moving elements of the optic flow stimuli were independently altered in size to vary spatial texture composition, and in frame duration to vary temporal periodicity composition.
Subject groups showed significantly different heading direction thresholds (mixed model ANOVA, group effect F 3,164 = 15.97, p < .001) with age and AD causing elevations of mean thresholds (post-hoc THSDs, AD > ON > MA = YN). Both temporal (F 1.42,233.5 = 8.88, p < .001) and spatial (F 1.64,269.4 = 14.52, p < .001) frequency had significant effects on heading thresholds across all groups. Temporal periodicity also showed a significant interaction with group (F 3.37,233.5 = 8.88, p < .001) and with spatial texture (F 3.58,552.4 = 5.47, p < .001), but spatial texture did not show a significant group interaction. (Fig. 2B , see also Supplementary Fig. 2 ) Thus, group comparisons show age and AD related declines in heading perception as greater sensitivity to the spatio-temporal composition of optic flow.
To better visualize spatio-temporal composition effects on aging and AD, we plotted mean thresholds for each stimulus condition across age (decade), considering AD subjects separately (Fig. 3) . All nine stimulus conditions yielded significant linearly increasing trends with age (p < .05). AD subjects were distinguished in this task, by the low temporal periodicity conditions. This effect was evident in all of the spatial texture conditions, but most evident in the lowest spatial texture condition. AD subjects showed the same range of thresholds as age-matched non-AD subjects in the other temporal periodicity conditions.
Spatio-temporal integration in speed discrimination
We assessed the effects of the spatio-temporal composition of motion stimuli on our subjects' ability to see the relative speed of self-movement on the left and right sides of outward radial optic flow. Optic flow stimuli were presented in which the speed on the left and right sides was symmetrically changed to varying degrees to determine two-alternative forced choice left/right faster speed discrimination thresholds (Fig. 4A ). This ability is used to judge changes in path curvature, as when cornering in a vehicle, and demands the integration of motion information from both sides of the visual field. As in the heading discrimination test, the moving elements in the optic flow were independently altered in size to vary spatial texture composition, and in frame duration to vary temporal periodicity composition.
Subject groups showed significantly different relative speed thresholds (mixed model ANOVA, group effect F 3,188 = 36.66, p < .001) with age and AD causing similar, significant elevations of mean thresholds (post-hoc THSDs, AD = ON > MA > YN). Both temporal (F 1.67,314.3 = 355.13, p < .001) and spatial (F 1.94,365.6 = 11.33, p < .001) frequency had significant effects on relative speed thresholds across all groups. Temporal periodicity also showed a significant interaction with group (F 1.67,314.3 = 5.6, p < .001) and with spatial texture (F 3.84,722.6 = 24.01, p < .001). In the speed task, spatial texture did not show a significant group interactions, but there was a significant three-way interaction of group Â spatial texture Â temporal periodicity (F 11.53,722.6 = 2.23, p = .002) (Fig. 4B , see also Supplementary Fig. 3) . Thus, group comparisons show aging, but not AD, related declines in relative speed perception with greater sensitivity to the spatio-temporal composition of optic flow.
The substantial effects of aging, but not AD, on susceptibility to temporal periodicity effects is best seen in line plots of mean thresholds for each stimulus condition across age by decade, the AD groups being shown separately (Fig. 5) . Except for the motion discrimination task with high spatial and temporal periodicity (e.g., single pixel elements at 60 Hz presentation rate) (p = .06), all conditions yielded significant linearly increasing trends (p < .05) across decades; thresholds increased linearly with subject in all stimulus conditions. In this relative speed discrimination task, aging showed the dominant effect, especially with low temporal periodicity stimuli. Unlike our finding in the heading task, the AD group was not readily distinguished from the older subjects in the speed task in any of the spatio-temporal composition conditions.
Visual motion characterizations of subject groups
We summarized the effects of the spatio-temporal composition of optic flow stimuli by generating a 2-D quadratic surface fit to the mean threshold data for each psychophysical task and subject group. The surface fits illustrate the greater distinction between the ON and AD groups in the heading discrimination task than in the speed discrimination task, especially at the low spatial and temporal stimulus composition frequencies (Fig. 6A) . In the speed discrimination task, the relationship between ON and AD thresholds at the lowest frequencies is reversed (Fig. 6C) .
The regression parameters of these surface fits (Figs. 6B and D) highlight the heading tasks' efficacy in distinguishing subject groups. This display emphasizes that the group separation is mainly attributable to the offset of the surface fits, reflecting group differences in the overall average thresholds across all spatio-temporal frequencies. The surface offset is also the only fit parameter that is significantly correlated between the heading and speed tasks, both across all groups (r = .56, p < .001) and within all groups treated separately (largest p = .02).
We use discriminant analysis for group classification to determine how we might best describe differences between subject groups. The analysis of aging effects compared YN, MA, and ON The eccentricity of the simulated heading direction was varied to determine a left-right heading discrimination threshold for each subject under each stimulus condition. Moving dots were excluded from a 5°wide band along the vertical meridian to promote stable fixation and discourage the use of the vertical local motion cue above and below peri-central FOEs. (B) Averaged heading discrimination thresholds for the nine spatio-temporal periodicity conditions in the heading discrimination task in the four subject groups. These data yielded significant main effects of group, temporal, and spatial texture, as well as temporal periodicity Â group and temporal Â spatial interaction effects. Post-hoc analyses for subject groups showed AD > ON > MA = YN. Fig. 3 . Left-right heading discrimination thresholds across decades, separately showing results for normal controls and AD subjects. Separate line graphs represent thresholds for the nine spatio-temporal composition conditions. These results show significant age-related increases of heading discrimination thresholds for all conditions. The low temporal periodicities yield the highest thresholds at all ages with the roughly parallel lines reflecting the absence of significant spatial Â temporal interactions. In AD subjects, heading discrimination thresholds were significantly higher with low temporal periodicity stimuli, across all spatial texture conditions. subjects and identified a single discriminant factor that loaded three discriminating variables: speed threshold offset (r = .65), the average of the two radial thresholds (r = .5), and speed temporal periodicity effects (r = .45). The analysis of AD effects compared the ON and AD subjects and identified a single discriminant factor that loaded two discriminating variables, the average of the two radial thresholds (r = .85) and heading threshold offsets (r = .60). This analysis classified 74% of subjects into the correct group: YN (55.6% YN, 24.0% MA, 0% ON, and 0% AD), MA (28.9% YN, 32.0% MA, 7.8% ON, and 0% AD), ON (15.6% YN, 4.4% MA, 89.6% ON, and 20.7% AD), and AD (0% YN, 0% MA, 2.6% ON, and 79.3% AD). Including only the ON and AD groups yielded 93.8% correct classification: ON (96.5% ON and 17.2% AD) and AD (3.5% ON and 82.8% AD).
The finding that our two discriminant analyses each identified a single factor, and that these factors differed in the two analyses, suggests that aging and AD effects are distinguished by our psychophysical parameters. This point is highlighted by the co-plotting of all subjects by both the aging and AD effects (Fig. 7A ) which creates a continuum well fit by a cubic function (R 2 = .75). Critical parameters driving the discriminant factors are co-plotted to illustrate the raw data that contribute to distinguishing aging and AD (Fig. 7B ).
Discussion
Spatial texture and optic flow perception
We examined the impact of spatial texture on optic flow perceptual thresholds by clustering the pixels in radial optic flow. We find small, but significant, effects of spatial texture in all groups (Figs. 2, 4 and 6) with higher heading and speed discrimination thresholds with low spatial frequencies. Thus, spatial texture effects in aging and AD yield better performance with many small motion elements.
Our findings are consistent with evidence that visual motion detection is supported by a broad range of spatial frequencies (Yang & Blake, 1994 ) but motion discrimination is favored by high spatial frequencies (Watson & Turano, 1995) . Motion detection and discrimination improves with increasing stimulus size (up to $9°) (Watamaniuk & Sekuler, 1992) in a manner related to eccentricity scaling for cortical magnification (van de Grind, 1990; van & Koenderink, 1982; Fredericksen, Verstraten, & van, 1993) . Spatial texture, spatial extent, and visual field location interact such that high spatial texture stimuli are seen as moving faster than speed matched low spatial texture stimuli, with identical stimuli seen as moving faster in central vision as compared to the periphery (Campbell & Maffei, 1981; Cavanagh, Tyler, & Favreau, 1984) .
There are significant perceptual benefits with increases in the spatial extent of optic flow, up to at least 60° (Burr & Santoro, 2001) , linked to improved navigation from visual motion with full-field stimuli (Riecke, van Veen, & Bulthoff, 2002) . However, there is some special utility of the central visual field when it Moving dots were excluded from a 5°wide band along the vertical meridian to promote stable fixation and discourage the use of kinetic edge effects in making relative speed estimates. These stimuli simulated curved paths, or an symmetric surrounding environment, during observer self-movement toward a centered heading direction. (B) Averaged speed discrimination thresholds for the nine spatio-temporal composition conditions in the speed discrimination task in the four subject groups. These data yielded significant main effects of group, temporal, and spatial texture, as well as a significant three-way interaction of subject group, spatial texture, and temporal periodicity. Post-hoc analyses for subject groups showed AD = ON > MA > YN. Fig. 5 . Left-right relative speed discrimination thresholds across decades, separately showing results for normal controls and AD subjects. Separate line graphs represent thresholds for the nine spatio-temporal composition conditions. These results show significant age-related increases of relative speed discrimination thresholds in the younger decades with the upper limit of the threshold range reached at low temporal frequencies in the sixth and seventh decade. In AD subjects, relative speed discrimination thresholds were significantly linked to temporal periodicity, across all spatial texture conditions. In contrast with heading discrimination, speed discrimination was relatively insensitive to AD effects. includes motion parallax cues (Andersen & Braunstein, 1985) that may be integrated with better radial direction discrimination in the periphery (Crowell & Banks, 1993) and better heading discrimination in the central visual field (Warren & Kurtz, 1992) .
We previously reported stronger effects of peripheral motion on heading discrimination in ON and AD subjects (Mapstone, Dickerson, & Duffy, 2008) . This is consistent with greater benefits of peripheral stimuli on planar motion perception in aging; possibly reflecting the loss of center-surround suppression from declining GABAergic intra-cortical interactions (Betts et al., 2005; Tadin & Blake, 2005) . If we had found better relative sensitivity to lower spatial frequencies in aging we might have considered that to be an alternative cause for a greater emphasis on the periphery. As all age groups show similar effects of spatial texture, we reject that hypothesis.
Temporal periodicity and optic flow perception
We examined the impact of the temporal periodicity composition of visual motion stimuli on optic flow perceptual thresholds by manipulating the number of frames presenting motion in the 60 Hz animation sequence. Lower temporal frequencies resulting in poorer performance for all subject groups, in both the heading and speed tasks (Figs. 2 and 4) , with significant temporal periodicity by group interaction effects showing different magnitudes of this effect across groups.
In the heading task, the low temporal periodicity composition distinguished the AD group from all others, regardless of spatial texture, whereas the AD and non-AD age-matched groups were not substantially different in the other temporal periodicity conditions (Fig. 3 ). In the speed task, the low temporal periodicity conditions distinguished both the ON and AD groups from younger subjects (Fig. 5) . Thus, temporal periodicity effects distinguished between aging and AD subjects, but in a task-dependent manner.
Interactions between spatial texture, temporal periodicity, and subject group reflected synergistically detrimental effects in MA subjects. Conversely, MAs' decline in performance with lower spatial or temporal periodicity stimuli allows the potential for cue replacement; that is, a high frequency component in either the spatial or temporal domain compensates for a loss of low frequency sensitivity in the other domain. YN subjects do too well to benefit from such synergies, and older subjects do too poorly.
These findings are consistent with studies showing that temporal duration effects depend on the nature of a motion stimulus. Luminance (Allen & Derrington, 2000) and contrast (Fredericksen et al., 1994; Burr & Santoro, 2001 ) motion detection improves with increasing stimulus duration to asymptote at 150 and 300 ms, respectively. Motion direction discrimination for luminance defined stimuli is optimized after $100 ms (Allen & Derrington, 2000) , whereas patterned motion coherence thresholds require $440 ms (Watamaniuk & Sekuler, 1992) . In those settings, the specific task is not critical, with pattern stimuli requiring similar Fig. 6 . Surface fits to perceptual threshold data from the heading and speed discrimination tasks show substantial group differences. Threshold data from subjects in each group were separately fit to quadratic functions in relation to spatial and temporal stimulus frequency composition. (A) Relations between spatio-temporal stimulus frequency (abscissa) and heading thresholds (ordinate) showed substantial separation of surface fits for the four subject groups. There is increasing surface offsets across groups with the largest separations between groups at the lowest temporal frequencies. (B) Surface fit parameters for heading thresholds plotted by group (abscissa) and regression co-efficient (ordinate) showing greatest group differentiation by offset parameter, with substantial further group differentiation by temporal periodicity. (C and D) Speed data as surface fits (C, as in A) and fit parameters (D, as in B) showing less evident group separation by offset and temporal periodicity. intervals during both direction (Watamaniuk & McKee, 1995) and speed (Snowden, 1991) discrimination. Still longer durations are required for the discrimination of optic flow patterns: heading discrimination from optic flow requiring $2000 ms (Allen & Derrington, 2000; Burr & Santoro, 2001) . Thus, there is a substantial dependency of visual motion processing on the temporal composition of the stimuli, and we now see those effects are larger in aging.
Aging, Alzheimer's, and optic flow perception
We used data from all spatio-temporal composition conditions to fit 2D quadratic surfaces for each subject group and task. Overall, the largest effect distinguishing subject groups was on baseline perceptual thresholds across all spatio-temporal periodicity conditions (Fig. 6 ). This was evident in both the heading and speed tasks, but more clearly in the heading task. Thus, heading and speed thresholds increase with age and AD across spatial and temporal frequencies.
We do not find aging effects on horizontal planar motion coherence thresholds (Fig. 1) as seen in an earlier study (Tetewsky & Duffy, 1999) . That experience is somewhat different than that of others who have found substantial aging effects on with planar motion (Trick & Silverman, 1991) . This may be from those investigators using slower planar motion speeds (5.8°/s) than in our stimuli (30°/s), an explanation that is consistent with the speed dependency of aging effects on motion processing (Snowden & Kavanagh, 2006) . In addition, aging effects may be concentrated in the central visual field (Wojciechowski, Trick, & Steinman, 1995) , which could be de-emphasized by our large-field stimuli used to simulate the panoramic view of the self-movement scene.
In contrast, we see aging effects with left/right radial FOE motion coherence thresholds using interleaved inward and outward radial optic flow (Fig. 1) with the largest effects in AD patients, confirming our earlier observations (Tetewsky & Duffy, 1999; Mapstone, Steffenella, & Duffy, 2003) . We previously attributed this effect to a specific impairment in pattern motion coherence processing (O'Brien et al., 2001) , which may be related to impaired structure from motion perception (Nawrot & Blake, 1989) .
Our current findings extends these results by showing that the degradation of visual motion signals by altering their spatio-temporal composition does not have the same effects as altering motion coherence composition. In particular, these two types of manipulation do not have the same effects across our subject groups: spatio-temporal composition mainly follows aging effects, whereas motion coherence composition mainly impacts on the transition from aging to the early stages of AD. This is important, for two reasons: First, it shows that all forms of motion signal degradation are not alike; spatial, temporal, and coherence effects are different. Second, it shows that aging and AD are not alike; aging effects are distinguishable from AD effects, implying that there are some differences in the underlying neural mechanisms of perceptual processing declines in aging and AD. These differences may allow us to more precisely identify the fateful transition from aging to AD, and better identify the pathophysiological events that drive that transition. 
